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ABSTRACT
We predict the mass fraction of oxygen lost from galaxies in a cosmological simulation as a
function of stellar mass and environment at the present day. The distribution with stellar mass
is bimodal, separating star-forming and quenched galaxies. The metallicity of gas and stars is
self-consistently calculated using a chemical evolution model that includes supernovae type
II and Ia, hypernovae, and asymptotic giant branch stars. The mass of oxygen lost from each
galaxy is calculated by comparing the existing oxygen in gas and stars in the galaxy to the
oxygen that should have been produced by the present-day population of stars. More massive
galaxies are able to retain a greater fraction of their metals (∼ 100 per cent) than low-mass
galaxies (∼ 40− 70 per cent). As in the star formation main sequence, star-forming galaxies
follow a tight relationship also in terms of oxygen mass lost – a metal flow main sequence,
ZFMS – whereas massive quenched galaxies tend to have lost a greater fraction of oxygen
(up to 20 per cent), due to AGN-driven winds. The amount of oxygen lost by satellite galaxies
depends on the details of their interaction history, and those in richer groups tend to have lost
a greater fraction of their oxygen. Observational estimates of metal retention in galaxies will
provide a strong constraint on models of galaxy evolution.
Key words: galaxies: abundances – galaxies: evolution – galaxies: star formation – methods:
numerical
1 INTRODUCTION
The baryon cycle of a galaxy plays a large role in determining its
properties. Molecular gas fuels star formation, and accretion of gas
onto the central supermassive black hole (BH) can lead to galaxy-
wide feedback and suppression of star formation. Stars, in turn,
process hydrogen and helium into heavier elements (metals), re-
turning them to the inter-stellar medium (ISM) if the stars explode
as a supernova. The energy injected into the ISM from stellar or
active galactic nucleus (AGN) feedback can drive enriched gas out-
flows into the circumgalactic and intergalactic media (CGM, IGM;
e.g., Lanzetta et al. 1995; Cowie & Songaila 1998; Sargent et al.
1988; Pettini et al. 2001; Ohyama et al. 2002; Kraft et al. 2009;
Feruglio et al. 2010; Cicone et al. 2012; Tumlinson et al. 2017),
and low metallicity or primordial gas can be accreted from the cos-
mic web, diluting the metallicity of the ISM. Therefore, the metal
content of a galaxy and the surrounding CGM and IGM can give
information on its evolutionary history.
Gas and stellar metallicities are derived from emission-
and absorption-line spectra. Linear combinations of stellar tem-
plate spectra convolved with a line-of-sight velocity distribu-
⋆ E-mail: philip.1.taylor@anu.edu.au
tion are fitted to the observed spectrum, allowing single stel-
lar population (SSP) parameters, such as age, metallicity, and
[α/Fe] to be inferred (Worthey 1994; Vazdekis et al. 2010;
Maraston & Stro¨mba¨ck 2011; Conroy 2013). Subtracting the fitted
spectrum from the observed spectrum leaves emission lines from
ionised gas; these are typically fit with one or more Gaussian func-
tions to obtain the flux in each line. Combinations of ratios of these
fluxes are used to derive the gas-phase metallicity, though there can
be significant differences in the absolute values of metallicity ob-
tained depending on the calibration used (Kewley & Ellison 2008;
Kewley et al. 2019). The metallicity of the CGM is measured from
absorption features in the spectra of quasars on sight lines that pass
though the CGM (e.g., Tumlinson et al. 2011).
The total mass of metals ever produced in a galaxy must
be known in order to estimate the fraction of metals that have
been lost. For this reason, most studies to date have focused on
nearby dwarf galaxies in which individual stars can be resolved
to construct a colour–magnitude diagram (CMD), from which the
star formation history (SFH) of the galaxy can be derived (e.g.,
McQuinn et al. 2015a). By assuming a constant fraction of metals
produced per mass of stars, the total mass of metals produced is ob-
tained by integrating over the SFH. Oxygen is often used as a proxy
for total metallicity for a number of reasons: emission lines from
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ionised oxygen are strong and readily available in optical wave-
lengths, and are sensitive to the electron temperature, which is re-
lated to the total metal content; oxygen is the most abundant metal;
and it is produced almost completely by core-collapse supernovae
(i.e., type II supernovae and hypernovae) on short timescales, so
the instantaneous recycling approximation is valid.
Local dwarf galaxies are found to have lost 95 to 99 per cent
of produced oxygen, due primarily to supernova feedback (e.g.,
Kirby et al. 2011; McQuinn et al. 2015b). Telford et al. (2019)
analysed the third of M31 covered by the Panchromatic Hubble
Andromeda Treasury (PHAT, Dalcanton et al. 2012), finding that
∼ 62 per cent of all metal mass has been lost from the central 19
kpc of the galaxy. In more distant galaxies, direct measurements
are more challenging since individual stars cannot be resolved,
however Belfiore et al. (2016) obtained spatially resolved measure-
ments of oxygen loss in the face-on spiral galaxy NGC 628, with
about half of oxygen mass lost from the inner 7 kpc.
Galaxies become ‘quenched’ when they are no longer able
to form stars, either because they have depleted their reser-
voir of cold, dense gas (e.g., Quai et al. 2019), or because their
gas has been heated and/or removed by stellar and/or AGN
feedback (e.g., Lynds 1967; Heckman et al. 2000; Pettini et al.
2000; Ohyama et al. 2002; Kraft et al. 2009; Feruglio et al. 2010;
Cicone et al. 2012; Tombesi et al. 2013; Teng et al. 2014, see
also Bower et al. 2017; Taylor et al. 2017 for theoretical studies).
These feedback processes redistribute gas and metals with the
galaxy, and galaxy mergers can also greatly affect stellar orbits.
Furthermore, inflows of pristine or pre-enriched gas from out-
side the galaxy can dilute existing enriched material. Therefore
the spatial distribution of both stellar and gas-phase metals con-
tains a wealth of information about a galaxy’s evolutionary his-
tory (e.g., Kobayashi 2004; Taylor & Kobayashi 2017; Lian et al.
2018; Torrey et al. 2018; Zinchenko et al. 2019; Torrey et al. 2019;
Taylor et al. 2019; Belfiore et al. 2019; Trayford & Schaye 2019;
Lara-Lo´pez et al. 2019).
Theoretically, hydrodynamic simulations of galaxy formation
and evolution are able to track the stellar and chemical evolution
that leads to gas enrichment, as well as the processes that redis-
tribute gas inside and outside galaxies. To date, few works have
predicted the metal loss from simulated galaxies. Kobayashi et al.
(2007) (their Fig. 16) showed a dependence of metal loss frac-
tion on galaxy total mass in a cosmological simulation. Such
a dependence was also seen in the cosmological simulations of
Barai et al. (2011), and in fifteen galaxies from the Feedback In
Realistic Environments (FIRE, Hopkins et al. 2014) simulations
studied by Ma et al. (2016). Using the cosmological simulation of
Taylor & Kobayashi (2015a), Taylor & Kobayashi (2015b) charac-
terised AGN-driven, metal-enriched outflows, noting a significant
reduction in the metal content of the host galaxy, but did not inves-
tigate the overall fraction of metals lost by the present day. More
recently, Nelson et al. (2019) demonstrated the efficacy of stellar-
and AGN-driven outflows at enriching the IGM in the TNG50 sim-
ulation as a function of both galaxy stellar mass and redshift.
In this paper, we present results from our cosmological, hy-
drodynamical simulation that includes a detailed prescription for
chemical evolution. We show the dependence on mass of a galaxy’s
ability to retain oxygen, and, for the first time, predict the depen-
dence on environment. Section 2 briefly describes the details of
the simulation. In Sections 3 and 4 we present our results for both
galaxy and halo scales, and compare our predictions to observations
and other models in Section 5. Finally, in Section 6, we discuss our
results in a wider context and summarise our conclusions.
2 THE SIMULATION
The simulation analysed in this paper is a cosmological, chemo-
dynamical simulation, introduced in Taylor & Kobayashi (2015a),
which we have previously shown reproduces the observed M∗ –
SFR and M∗ – metallicity relations, among others (Figs. 6, 8,
and 12, respectively, of Taylor & Kobayashi 2016). The distribu-
tion of gas-phase oxygen in our full simulation box is shown in
Fig. 1. Our simulation code is based on the SPH code GADGET-3
(Springel 2005), updated to include: star formation, energy feed-
back and chemical enrichment (Kobayashi 2004; Kobayashi et al.
2007) from supernovae (SNe II and Ia, Kobayashi & Nomoto 2009)
and hypernovae (Kobayashi et al. 2006; Kobayashi & Nakasato
2011), and asymptotic giant branch (AGB) stars (Kobayashi et al.
2011); heating from a uniform, evolving UV background
(Haardt & Madau 1996); metallicity-dependent radiative gas cool-
ing (Sutherland & Dopita 1993); and a model for BH formation,
growth, and feedback (Taylor & Kobayashi 2014), described in
more detail below. We use the IMF of stars from Kroupa (2008)
in the range 0.01 − 120M⊙, with an upper mass limit for core-
collapse supernovae of 50M⊙. Stars can form from any gas parti-
cle that is converging, cooling, and Jeans unstable (Katz 1992), and
has not experienced heating from stellar or AGN feedback in the
current timestep. Note that we do not use an explicit density thresh-
old as in other works (e.g., Vogelsberger et al. 2013; Dubois et al.
2014; Schaye et al. 2015; Tremmel et al. 2017), though both the
cooling and dynamical timescales do depend on gas density.
For the chemical evolution, we use the self-consistent nucle-
osynthesis yields from Kobayashi et al. (2011), which match the
observed evolution of elemental abundances from C to Zn (except
for Ti). With the adopted nucleosynthesis yields, the IMF-weighted
yields are 0.021 and 0.019 at Z = 0 and Z⊙, respectively, and
the net yields, defined as y/(1 − R), where R denotes the return
fraction, are 0.037 and 0.039, respectively. We do not assume the
instantaneous recycling approximation, and the stellar mass loss is
also calculated self-consistently.
As in our previous works, the initial conditions consist of
2403 particles of each of gas and dark matter in a periodic, cu-
bic box 25h−1 Mpc on a side, giving spatial and mass resolu-
tions of 1.125 h−1 kpc and MDM = 7.3 × 10
7 h−1M⊙, Mg =
1.4 × 107 h−1M⊙, respectively. We employ a WMAP-9 ΛCDM
cosmology (Hinshaw et al. 2013) with h = 0.7, Ωm = 0.28,
ΩΛ = 0.72, Ωb = 0.046, and σ8 = 0.82.
In our model BHs form from gas particles that are metal-
free and denser than a specified critical density, mimicking the
most likely formation channels in the early Universe via di-
rect collapse of a massive gas cloud (e.g., Bromm & Loeb 2003;
Koushiappas et al. 2004; Agarwal et al. 2012; Becerra et al. 2015;
Regan et al. 2016; Hosokawa et al. 2016) or as the remnant of Pop-
ulation III stars (e.g., Madau & Rees 2001; Bromm et al. 2002;
Schneider et al. 2002). The BHs grow through gas accretion and
mergers. The accretion rate is estimated assuming Eddington-
limited Bondi-Hoyle accretion (Bondi & Hoyle 1944):
M˙acc =
4piG2M2BHρ
(c2s + v2)
3/2
, (1)
whereMBH is the mass of the BH, ρ the local gas density, cs the lo-
cal sound speed, and v the speed of the BH relative to the local gas
particles. Two BHs merge if their separation is less than the gravita-
tional softening used, and their relative speed is less than the local
sound speed. A fraction of the energy liberated by gas accretion
is coupled to neighbouring gas particles in a purely thermal form.
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Figure 1. Spatial distribution of gas-phase oxygen in our full simulation box. Solar oxygen abundance is 12 + log(O/H) = 8.78. Salmon-coloured circles
show R200 for all galaxies with stellar massM∗ > 1010 M⊙.
Although our seeding method is different from the merger-driven
model, the resulting BH masses are ∼ 105M⊙ when the dark
matter haloes become 1010M⊙ (for more details, see Wang et al.
2019).
3 OXYGEN LOSS FROM GALAXIES
Galaxies are identified using a Friends-of-Friends (FoF) algorithm.
The code associates dark matter particles, separated by at most 0.02
times the mean inter-particle separation, into groups. Gas, star, and
BH particles are then joined to the group of their nearest DM neigh-
bour. The virial radius of each galaxy is estimated as the radius of a
spherical region centred on the galaxy whose mean density is 200
c© RAS, MNRAS 000, 1–10
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Figure 2. Mass fraction of oxygen lost from galaxies at z = 0 as a function
of stellar mass. Points are coloured by distance from the SFMS, and crosses
denote galaxies with no star formation in the last 108 years.
times the critical density of the Universe, R200. The total stellar
mass (M∗) and star formation rate (SFR) of each FoF galaxy deter-
mine its position relative to the star-forming main sequence (SFMS;
Wuyts et al. 2011; Renzini & Peng 2015). In Taylor & Kobayashi
(2017) we identified as star forming galaxies those whose distance
from the SFMS,∆SFMS, satisfied∆SFMS > −0.5 dex.
We estimate the retention/loss fraction of oxygen in simi-
lar manner to observers (e.g., McQuinn et al. 2015b). The oxygen
mass associated with each gas and star particle can be read directly
from the simulation output. For each star particle, we calculate its
net yield of oxygen, y(A,Z∗), given its ageA, and metallicityZ∗
1.
The fraction of oxygen produced by the present-day population of
stars that has been lost from the galaxy is then
1− fO =
∑
y(A,Z∗)M∗,init − (
∑
M∗,O +
∑
Mg,O)∑
y(A,Z∗)M∗,init
, (2)
whereM∗,init is the initial mass of the star particle (which is larger
than the current mass of the particle due to stellar mass loss), and
M∗,O andMg,O are the current mass of oxygen within a star or gas
particle, respectively.
We show 1− fO for the FoF galaxies as a function of galaxy
stellar mass at z = 0 in Fig. 2. Points are coloured according to
∆SFMS, with blue points belonging to the star forming main se-
quence, red being quenched galaxies, and crosses denoting galax-
ies with no stars younger than 108 years. The galaxy population
is bimodal; star-forming galaxies mostly occupy a tight sequence
(which we refer to as the metal flow main sequence, or ZFMS)
with −0.2 < 1 − fO < 0, whereas quenched galaxies tend to
have 1 − fO > 0. Note that 1 − fO < 0 implies that these galax-
ies contain more oxygen than their stars could have produced; this
is addressed below. The distribution of quenched galaxies shows a
strong mass dependence whereby low mass galaxies tend to have
lost a larger fraction of their oxygen (larger 1 − fO) than more
massive galaxies. In these galaxies, stellar and AGN feedback (de-
pending on the galaxy mass, e.g., Taylor et al. 2017) heat and re-
move enriched gas from the galaxy. This trend is very similar to
Kobayashi et al. (2007), who used a different analysis method, and
is explained due to the deeper potential well of massive galaxies.
To further understand the distribution of 1 − fO, we split the
1 The initial Z∗ is the same as the present Z∗ because internal mixing is
not included.
FoF galaxies into centrals, satellites, and isolated by the following
method. For the most massive galaxy not yet labelled, we find its
R200 and identify the Ngroup galaxies within this distance, includ-
ing itself. IfNgroup is 1, this galaxy is isolated; otherwise it is a cen-
tral and the galaxies identified near it are labelled satellites. Note
that numerous different measures of galaxy environment are used in
the literature, typically using nth-nearest neighbour distance (e.g.,
Taylor & Kobayashi 2017), or the number of galaxies within a fixed
aperture to obtain a quantitative estimate of environmental density.
All environmental metrics have their own strengths and drawbacks
(e.g., Haas et al. 2012; Muldrew et al. 2012); we use the discrete
splitting into centrals, satellites, and isolated since this allows for
a relatively straightforward understanding of the results presented
below.
In Fig. 3 we again show 1 − fO as a function of stellar mass,
but now separate the population based on both environment (left
column) and properties indicative of internal processes, specifically
MBH (top panel), SFR (middle panel), and time since the most re-
cent major merger, tmerge (bottom panel)
2. In each panel in the left
column the grey points show the full population of galaxies, and
the coloured circles show the sub-population of interest. The cen-
tral galaxies (top panel) tend to be the most massive, and are found
along and above the ZFMS. Above ∼ 3 × 1010M⊙, most of the
galaxies above the main sequence are centrals, and correspond to
the quenched galaxies in Fig. 2. It is at this mass that AGN feedback
can start to effectively quench star formation by heating and remov-
ing gas from galaxies (Kauffmann et al. 2003; Baldry et al. 2006;
Bower et al. 2017; Taylor et al. 2017) if sufficient gas accretes onto
the BH. Furthermore, we showed in Taylor & Kobayashi (2015b)
that such AGN-driven winds eject metals into the CGM and IGM.
It is also clear from the top right panel that these galaxies host BHs
that are significantly more massive than galaxies of the same stel-
lar mass that lie on the ZFMS, further suggesting the role of AGN
feedback.
The left middle panel of Fig. 3 highlights satellite galaxies,
with colours corresponding to the richness of the groups. Satellite
galaxies are found on both the ZFMS and the quenched sequence,
with quenched satellites tending to reside in richer groups (galax-
ies with no star formation in the last 108 years are shown as black
crosses in the middle right panel). This is clear evidence for envi-
ronmental quenching in the simulation, whereby satellite galaxies
falling into a rich cluster are quenched due to their interactions with
the host galaxy, other satellites, and the intra-cluster medium (ICM)
itself (e.g., Tal et al. 2014; Schaefer et al. 2017, 2019).
The bottom left panel of Fig. 3 shows isolated galaxies; those
with no companions within R200. These galaxies mostly occupy
the ZFMS, though some are quenched, especially at lower masses.
The quenched, isolated galaxies withM∗ > 10
10M⊙ have lost gas
to large-scale outflows in their history; in one instance the outflow
was driven by AGN feedback, in the other galaxies it was less clear
if stellar or AGN feedback (or both) dominated. These galaxies also
all experienced major mergers in their past, which may have helped
to fuel whichever feedback mechanism led to the gas outflows and
associated loss of metals. The bottom right panel of Fig. 3 shows
1− fO as a function of stellar mass and coloured by tmerge. There
is no trend with tmerge, and the majority of massive galaxies have
experienced a major merger at some point in their history. However,
this figure does not show the details of individual mergers, the most
important of which is the gas fraction of the merging galaxies (see
2 We define a major merger as one with a stellar mass ratio of at least 1/4.
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Figure 3. Mass fraction of oxygen lost from galaxies at z = 0 as a function of stellar mass. Left column: galaxies are separated into central (top panel),
satellite (middle panel), and isolated (bottom panel), as defined in the text. Satellite galaxies are coloured by the number of members of the group to which
they belong. Right column: points are coloured by MBH (top panel), SFR averaged over 10
8 years (middle panel), and time since last major merger (stellar
mass ratio larger than 1/4; bottom panel). Black crosses denote galaxies with no star formation in the last 108 years (middle panel), or that never experienced
a major merger (bottom panel).
also Fig. 11 of Kobayashi 2004). The detailed role of mergers in
affecting 1 − fO, and the production of starbursts, AGN activity,
and outflows more generally, will be addressed in a future work.
4 GALAXY HALOES
In Section 3 we showed that many of our simulated galaxies – star-
forming galaxies in particular – have 1 − fO < 0, indicating that
they contain a greater mass of oxygen than can be accounted for
by the evolution of their existing stellar populations. These galax-
ies are defined by their FoF groups, which typically extend out to
c© RAS, MNRAS 000, 1–10
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Table 1. Properties of the galaxies shown in Fig. 5.
Galaxy logM∗ SFRa R200 Environment Group Richness 1− fO 1− fO(r < R200)
[M⊙] [M⊙ yr−1] [kpc]
ga0008 1.63× 1011 22.3 342b Satellite 28 -0.07 0.01
ga0012 1.30× 1011 0.3 399 Central 4 0.14 0.16
ga0135 1.37× 1010 2.4 212 Isolated 1 -0.13 -0.12
ga0569 7.61 × 109 0.0 72 Isolated 1 0.25 0.30
a SFR is averaged over the last 108 years.
b This value is calculated from equation (3) given the galaxy’s stellar mass.
Figure 4. Same as Fig. 2, but we now consider all gas and stars withinR200
for each galaxy. R200, as given by equation (3), is shown on the top axis.
Theoretical data from Ma et al. (2016) are included as the green stars. The
four galaxies shown in Fig. 5 are indicated.
. 4 − 5 times their effective radius, Re. As such, they are good
analogues for observed galaxies, but do not account for metal flows
into and out of the galaxies.
Fig. 4 shows 1 − fO for our simulated galaxies, but we now
consider all particles withinR200, with points coloured as in Fig. 2.
Note that some satellite galaxies are sufficiently embedded within
the dark matter halo of their host that R200 is not well defined.
We obtain a fit relating R200 and M∗ for the central and isolated
galaxies in our simulation, given by
logR200 = −0.946 + 0.310 logM∗, (3)
and use this for all satellite galaxies to produce Fig. 4. This enables
us to treat all of our simulated galaxies consistently. Note, however,
that since R200 ∝ M
1/3
200 this implies a single power-law relation-
ship between M∗ and M200, whereas a broken power law is ob-
served (e.g., Behroozi et al. 2010; Moster et al. 2010). Due to the
limited size of our simulation box, we have only a small number
of halos more massive than the observed break in the power law,
which may account for this discrepancy; see Taylor & Kobayashi
(2016) for more discussion.
Most star-forming galaxies (blue points) have 1 − fO(r <
R200) & 0, indicating that oxygen is either conserved or lost at
galaxy halo scales into the IGM3. A small number of galaxies still
3 Note that we do not track the inter-halo transport of oxygen in this figure,
which could account for the scatter around 1 − fO = 0, especially at low
mass.
Figure 5. Maps of oxygen loss fraction, 1−fO , for four simulated galaxies.
From top left to bottom right: ga0008 is a face-on disc; ga0012 experienced
strong AGN-driven outflows; ga0135 is the third most massive member of
a galaxy group; ga0569 is a low mass, quenched galaxy. Panels are 30 kpc
on a side. Contours show V -band surface brightness in the range 19 - 24
mag arcsec−2 , and the dashed yellow circles show R200/20.
have 1− fO(r < R200) . −0.05. We have explicitly checked the
histories of galaxies with 1 − fO < −0.1 (such as ga0018, indi-
cated on Fig. 4) and find that such low values are transient, with
the galaxies experiencing a close interaction with a neighbouring
galaxy that makes it difficult for the FoF routine to associate star
particles with one galaxy or the other. In a future work, we will
analyse the evolution of 1−fO in detail for all our simulated galax-
ies. We also show results from the Feedback In Realistic Environ-
ments simulations (FIRE; Hopkins et al. 2014) as the green stars
(Ma et al. 2016). The FIRE galaxies occupy the same region as our
quenched galaxies, which may be due to the stronger stellar feed-
back in the FIRE model, despite their lack of AGN feedback.
Figs. 2 and 4 suggest that there must be a net transfer of ∼ 10
per cent of the total oxygen produced from the outskirts of galax-
ies to their centres, with this effect particularly pronounced in star-
forming galaxies. To further investigate this, we show in Fig. 5
maps of 1−fO for a selection of galaxies with a variety masses, en-
vironments, and star-formation histories; more properties of these
galaxies are given in Table 1. Panels are 30 kpc on a side and show
(from top left to bottom right): a face-on disc galaxy (ga0008); a
galaxy that has experienced strong AGN feedback and outflows in
its past (ga0012); a star-forming galaxy with stellar mass close to
3×1010M⊙ (ga0135); and a lowmass, quenched galaxy (ga0569).
c© RAS, MNRAS 000, 1–10
Oxygen loss from galaxies 7
The contours show V -band surface brightness from 19 (thinnest
lines) to 24 mag arcsec−2 (thickest lines). In ga0008, a star-forming
disk galaxy, the central regions have 1 − fO < 0, indicating a net
gain of O, while the outer regions have a net loss of O. This means
that there has been an inflow of O-rich gas into the centre of this
galaxy whereby gas is enriched by the stars in the outskirts of the
galaxy and then cools and falls to the centre, adding to the met-
als already formed by the stars there. It is unlikely that inter-halo
transport plays a dominant role. It is also possible that a more com-
plex sequence of events takes place with gas cycling out of and
in to the galaxy (Angle´s-Alca´zar et al. 2017) leading to multiple
enrichment phases for each gas particle; this cosmic baryon cycle
will be examined in detail in a future work. Galaxy ga0135 is also
star forming, but has a stellar mass close to the quenching tran-
sition mass of 3 × 1010M⊙ (Kauffmann et al. 2003; Baldry et al.
2006; Bower et al. 2017; Taylor et al. 2017). In this galaxy, areas
with 1 − fO < 0 are not centrally concentrated (as for ga0008),
and roughly trace the brightest V -band isophote. This is due to
ongoing star formation in this region caused by a gas-rich minor
merger. Galaxies ga0012 and ga0569 in Fig. 5 are quenched (by
AGN and stellar feedback, respectively), and do not show the cen-
tral concentration of low 1 − fO seen in the star-forming galaxies
because they have removed much of their central gas. These galax-
ies are likely to undergo inside-out quenching, while self-regulated
star-forming disk galaxies may form inside-out and quench outside-
in (Vincenzo & Kobayashi 2020). The connection between inside-
out/outside-in quenching and the 1 − fO map will be investigated
further in a future work.
5 COMPARISON WITH OBSERVATIONAL WORK
To date there are only a limited number of theoretical or observa-
tional works measuring the fraction of oxygen lost from galaxies.
Fig. 5 demonstrates that the fraction of oxygen lost is not constant
with radius (in qualitative agreement with Belfiore et al. (2016)),
and aperture effects are important. For NGC 628 and M31, oxy-
gen loss fractions are given within 7 kpc and 19 kpc, respectively,
whereas the model of Peeples et al. (2014) considers all material
within 150 kpc of a galaxy. Belfiore et al. (2016) also gave the ra-
dial dependence of oxygen retention; this can be readily obtained
from hydrodynamical simulations, and may be a more useful metric
against which to measure theoretical models, though this requires
a greater sample of observational data. In Fig. 6 we show available
data from the literature (in the stellar mass range relevant to this
work) in comparison to our theoretical predictions for star-forming
FoF galaxies (defined by ∆SMFS > −0.5). The solid black line
is a fit to our ZFMS of the form 1− fO = Ae
−β log(M∗/1010 M⊙),
withA = −0.049± 0.004 and β = −0.53± 0.17. We use a boot-
strap resampling technique whereby the parameters are re-derived
for 5000 random selections of the data (in which some data are re-
peated, and some are absent), the same size as the original data set,
to estimate the uncertainties as the widths of the resulting distribu-
tions.
The semi-empirical models of Zahid et al. (2012) and
Peeples et al. (2014) are shown by the red line and grey shading,
respectively. For the Zahid et al. (2012) model, we use their rec-
ommended values for their free model parameters of R = 0.35,
PO = 0.007, and ∆Zg = 0, denoting the fraction of gas returned
from stars to the ISM, the fraction of oxygen produced per solar
mass of gas that turns into stars (so that y = PO/(1 − R)), and
a constant offset applied to the gas metallicity, respectively. For
Figure 6. Mass fraction of oxygen lost from galaxies at z = 0 as a function
of stellar mass for star-forming galaxies only. Grey points show our sim-
ulated galaxies, the grey shaded region shows the prediction of the model
of Peeples et al. (2014), the red line shows a prediction of the model of
Zahid et al. (2012), the blue star shows the observational measurement of
NGC 628 (Belfiore et al. 2016), and the green square is the observational
measurement of M31 (Telford et al. 2019).
Figure 7. Predicted mass of oxygen locked up in stars (top panel), gas (mid-
dle panel), and the total mass of oxygen produced by stars, as a function of
galaxy stellar mass. Galaxies from our simulation are shown by the black
points, and lines show the model of Zahid et al. (2012) for a range of input
parameters (see main text for details).
the redshift evolution of the gas-phase metallicity, we interpolate
over the fits to observational data given in Zahid et al. (2014). We
also show observationally derived values for NGC 628 (blue star;
Belfiore et al. 2016) and M31 (green square; Telford et al. 2019).
It is clear that both the measurements for individual galax-
ies and the model region of Peeples et al. (2014) lie significantly
above our simulated galaxies, indicating a larger fraction of oxy-
gen has been lost than our model predicts. Although the model of
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Zahid et al. (2012) makes more similar quantitative predictions as
ours, the trend is opposite, with more massive galaxies losing a
greater fraction of oxygen than less massive galaxies.
In order to more completely compare to the model of
Zahid et al. (2012), we show in Fig. 7 the mass of O locked in
stars (MO,∗; top panel), gas (MO,gas; middle panel), and the to-
tal O produced by the stars in a galaxy (MO,tot; bottom panel) as
a function of stellar mass. Our simulated galaxies are shown by
the black points, and the Zahid et al. (2012) model (with different
parameters) by the lines. There is good qualitative agreement be-
tween the model and simulation, especially forMO,∗ and MO,tot,
but their fiducial model (solid red line) is offset from the simulated
data in each panel. Although the oxygen yield is a function of age
and metallicity for each star particle in our simulation, averaged
over a galaxy it is well approximated by a constant, as shown by
the lower panel of Fig. 7. Therefore, we also show the Zahid et al.
(2012) model with R and PO chosen to reproduce the simulated
MO,tot, and ∆Z chosen to reproduce either MO,∗ (blue dashed
line) orMO,gas (green dot-dashed line). There is no combination of
model parameters that can simultaneously reproduce the simulated
trends of MO,∗, MO,gas, and MO,tot. This may be because their
model uses observed trends for gas-phase metallicity, which may
be subject to systematic uncertainties in absolute metallicity cali-
brations (Kewley & Ellison 2008; Kewley et al. 2019). More fun-
damentally, regardless of the parameter values used, the shape of
1 − fO as a function of M∗ predicted by the Zahid et al. (2012)
model is the same as in Fig. 6, i.e. increasing 1− fO with increas-
ing M∗. This may indicate that the analytic functions used in the
model are insufficient to properly represent the necessary physi-
cal processes, however a more detailed investigation is beyond the
scope of this work.
Our cosmological simulations can reproduce many obser-
vations, including the mass–metallicity relations, MBH–σ rela-
tion Taylor & Kobayashi (2015a), and galaxy metallicity gradients
(Taylor & Kobayashi 2016, 2017). There are several possible rea-
sons for the discrepancies seen between our model and other works.
If observational estimates are much higher than our predictions,
then it could require updates to our modelling of feedback and
metal ejection: in our current models, feedback from both super-
novae and AGN is isotropic and purely thermal, and such a pre-
scription has proved successful for reproducing the properties of
galaxies seen on ∼ kpc scales. However feedback processes that
take place on significantly smaller scales, such as the formation of
large-scale SNe-driven winds in highly star-forming galaxies, or
the launching of an AGN jet, may lead to pathways out of a galaxy
along which metals can more easily escape (e.g., Fielding et al.
2018).
There is not yet a consistent definition in the literature of
where metals can be considered lost from galaxies. The virial ra-
dius might seem an obvious choice so that temporarily ejected
material is included, but measuring the metallicity of the cir-
cumgalactic medium can only be done along quasar sight lines
(e.g., Tumlinson et al. 2011). From within the virial radius, en-
riched gas may still fall back onto the galaxy as a fountain (e.g.,
Tremblay et al. 2018), and it is not clear whether these metals
should be thought of as lost, or still part of the galaxy system.
Kobayashi et al. (2007) considered all gas particles that had ever
been present in a galaxy, regardless of whether they were in the
galaxy at the present day. Hydrodynamic simulations do not suf-
fer from this observational limitation; using the FIRE simulations,
Ma et al. (2016) measured the fraction of metals retained within a
virial radius of each galaxy, finding consistent values with this work
(see Fig. 4).
The radial dependence of metal loss must be considered,
rather than an integrated quantity, since this can more readily
and robustly be compared between observations and simulations.
Belfiore et al. (2016) analysed NGC 628 in such a way, finding that
metal loss was highest in the bulge (∼ 70 per cent lost) and de-
creased towards the outskirts, with about half of all oxygen lost out
to 7 kpc. This is the opposite trend to Fig. 5, but we note that the
stellar mass of NGC 628 is estimated to be 109.8M⊙, and so may
be more susceptible to losing material than the comparatively high
mass galaxies of Fig. 5. In a future paper (Taylor et al., in prep.) we
will investigate this radial dependence of metal loss for our simu-
lated galaxies.
6 CONCLUSIONS
We have predicted the fraction of oxygen mass lost from galaxies
of different masses and in different environments. The amount of
oxygen that is lost depends both on feedback from SNe and AGN as
well as the chemical evolution model, and can therefore be a strong
test of galaxy evolution models. Presently, very few observational
measurements have been made to enable detailed comparison with
models; observations have been mostly restricted to nearby, iso-
lated dwarf galaxies for which individual stars can be resolved (e.g.,
Kirby et al. 2011; McQuinn et al. 2015b).
In this work we have, for the first time, investigated the effect
of environment on the fraction of metals lost from galaxies. In ad-
dition to reproducing the trend of lower mass galaxies losing more
metals seen in both observational and theoretical works (Dalcanton
2007; Ma et al. 2016; Du et al. 2017), we make several predictions,
which are summarised below:
• Galaxies that make up the star formation main sequence also
occupy a tight sequence in terms of metal retention – the metal flow
main sequence, ZFMS – (Fig. 2).
• Quenched, massive galaxies tend to have lost a greater fraction
of metals than star-forming galaxies at the same mass, due to the
ejection of metals via AGN-driven winds to the CGM and IGM (see
also Taylor & Kobayashi 2015b).
• Satellite galaxies in richer groups tend to have lost a greater
fraction of their oxygen following gas loss due to environmental
quenching (Fig. 3).
• Most isolated galaxies (those with no companions within
R200) lie on the ZFMS, but stellar or AGN feedback (depending
on the galaxy mass) can cause them to lose more metals.
• On galaxy scales, we find that the majority of star-forming
galaxies show an enhancement in oxygen compared to the amount
that could have been produced by their population of stars, whereas
most quenched galaxies have a net loss of oxygen (Fig. 2). On halo
scales, oxygen is conserved or lost across the entire galaxy popu-
lation (Fig. 4), suggesting a net inflow of metals into the centres of
star-forming galaxies.
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